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Low  Ionic Strength
Probably the most striking  and surprising  observation  in  internally perfused
axons is that full-sized action  potentials can be obtained in the face of a very
low resting potential when the ionic strength  is low  (Narahashi,  1963;  Baker,
Hodgkin,  and  Shaw  1962;  Baker,  Hodgkin,  and  Meves  1964;  Tasaki,  Wa-
tanabe,  and  Takenaka  1962).  In  all  experiments  at normal  ionic  strength
known to the author,  the  explosive  all-or-none responsiveness  was lost when
the  internal  and/or  external  monovalent  cations  were  arranged  to  give  a
resting  potential  of  -20 to  -30 mv unless  the system  was  strongly hyper-
polarized  previous  to  the  stimulus.  Both Narahashi  (1963)  and  Baker  et  al.
(1964)  found  that the  threshold  potential  changed  along  with a resting po-
tential and both papers suggest a shift in the sodium inactivation  curve along
the  voltage  axis.  Although  neither  used  sodium  in  the  internal  perfusing
medium,  both found  that the  height of the spike above the  resting potential
was roughly constant  in magnitude.
Narahashi,  Ulbricht,  and I set out to test the hypothesis of the shift  in the
sodium inactivation by voltage-clamping  a perfused axon, using our standard
sucrose gap method as shown in Fig.  1 (from Moore, Narahashi, and Ulbricht,
1964). The axon in the potential pool was cut so that it could be continuously
perfused. No correction  was made in the measured membrane potential when
perfusing with  the HK solution  because  the potential  across  the membrane
in the side pool was probably very close to zero.  However, when the LK solu-
tion was perfused  through the axon  the interior  of the  axon in the  potential
pool  is  some  40 mv more  positive  than the  outside  (Narahashi,  1963).  The
low  conductance  of the  LK solution  and the  high membrane  conductance
made the length constant very short in the potential pool. Therefore,  a 40 mv
junction correction  was added to the observed  difference between  the central
and potential  pools in estimating  the potential  of the  interior of the "node."
The  composition  of  the  perfusing  solution  is  given  in  Table  I. We  used  a
small  amount  of sodium  in  the  perfusing  solution  for  two  reasons:  (a)  to
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FIGURE  1.  Schematic  diagrams  of  the  experimental  arrangement.  The  upper  part
represents  a  section  through  the  axon  chamber  parallel  to  the  fiber  axis.  The  lucite
partitions  are striped  and  the  flowing  sucrose  solution  is stippled.  A short  segment (or
artificial "node") of the exterior of the axon remains in contact with the sea water flowing
in the center pool. The ends of the axon are in side pools containing isosmotic  KCI solu-
tion.  Internal perfusing solutions enter the axon via the cannula from the syringes  (con-
taining the standard  and test solutions)  and flow out of the cut in the axon in the right-
hand pool.
The lower part of the figure is the  electrical equivalent  circuit. R,, is  the resistance
through  the  axoplasm,  R, the  resistance through  the sucrose solution.  Cm,  Rm,  and  E,,J. W.  MooRE  Voltage Clamp Studies on Internally Perfused Axons
give  a  well  defined  sodium  equilibrium  potential,  and  (b)  to  give  enough
longitudinal  conductivity  to  the  interior  of  the  axon  for  adequate  voltage
clamping.
The results  of a  typical  experiment  are  shown  in Fig.  2 where  the  initial
current jump,  the early  transient  phase,  and  the  late  steady-state  currents
are plotted for both the high and  low  potassium solutions.  The most striking
change is the shift of some 45 mv (inside becoming more positive) of the voltage
at which the sodium  current  turned  on when the axon  is perfused  with the
LK solution. The sodium equilibrium potential remained constant at +90 my,
which  is equal  to the expected  thermodynamic  sodium potential within  the
experimental error.
TABLE  I
COMPOSITION  (mM)  AND  CONDUCTIVITY
(m MHO/CM)  OF  INTERNAL  SOLUTIONS
Phosphate*  Conduc-
K
+ Na
+ Cl-  SOt,-  (as HPO-)  Sucrose  tivity
High potassium  530  12.4  12.4  250  15.6  446.4  32
(HK)
Low  potassium  (LK)  10.6  12.4  12.4  5  0.9  902.1  1
* KOH added to KH2PO4 or NAH2PO, to adjust pH to 7.7.
The steady-state  currents are  also drastically  changed  in the manner to be
expected  for  reduction of internal  potassium.  It  is very  difficult  to  measure
the potassium equilibrium potential and we have not tried to make systematic
measurements  in these experiments.
The  initial jump  of current  lo was  much  larger  than  usually  seen  in the
intact axons when  the  axon  is perfused  with  the HK solution.  The slope  of
the  lo curve  drops from  about 30 m mhos/cm2 in the HK solution  to about
are  the  capacity,  resistance,  and  open-circuit  potential of the  "nodal"  membrane  re-
spectively.  Segments  of the  axon  in KCI  solution  are  shown  as short-circuits  because
of the  low membrane  resistance  and  zero membrane  potential  under these conditions.
Electrodes  are  represented  by small  filled  triangles.  Em  is  the potential  difference  be-
tween  the right-hand  pool  and  virtual earth  as  measured  by electrometer  amplifier  I
whose output is 5 Em.  In order to clamp,  the switch of the clamp-gain control arrange-
ment is closed  and  the resistance  decreased  to zero.  Operational  amplifier  2  will  then
inject a current pool to match Em with the command signals at the summing point, 2 pt.
Currents  through  the  node  membrane  cause  an IR  drop  across  the  known  feedback
resistor Rf of operational  amplifier 3. If the  area potentiometer  is set  to a value  B  cal-
culated  from  microscopic  measurement  of  the  axon  diameter  and  calculation  of  the
membrane area, the output voltage I, of amplifier 3 is a known and linear function of the
membrane  current  density.  (Figure reprinted  by permission of the Journal  of Physiology,  1964,
172,  163.)
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10 in the LK solution, which  is in the range of values often  found with intact
axons.
In the Hodgkin-Huxley  (1952b)  model,  the peak of the action  potential  in
response  to a brief stimulus should occur when  the sum of the  ionic currents
is  zero.  If we  use  the simplifying  assumption  that  this  condition  is  approxi-
mated when  the early peak current  equals  the initial jump,  we can see from
Fig. 2  that the  peak  of the  action  potential  will  move  from  +40 my  in the
HK solution  to +80 mv in the LK  solution.  Thus,  the increase  of 40 mv in
the peak  of the  action  potential  is  about  equal to the  shift  in the  threshold
and resting potential  (Narahashi,  1963;  Baker et al.  1964).
FIGURE  2.  Plot of  ionic  current  characteristics  as  a  function  of membrane  potential
during  a pulse; the  parameters  plotted  are  indicated in the upper left-hand  inset.  Cur-
rents obtained  with  the  LK internal  perfusate  are  shown  in  the interrupted  lines  and
the  solid lines  give  the  average  of the  preceding  and  following currents  with the HK
perfusate.  (Figure reprinted by permission of the Journal of  Physiology, 1964, 172,  163.)
Measurements  of  the  steady-state  sodium  inactivation  were  made  in  the
usual  manner  of Hodgkin  and Huxley  (1952a)  with  a conditioning  pulse  of
about 20 msec.  The results  are shown  in Fig.  3  where  the  ratio of the peak
inward  sodium  current  to  its  maximum value  was  plotted  as  a  function  of
the  conditioning  potential.  When  the  axon  was  perfused  with  the standard
HK  solution  the  value  of the  potential  for  the  half-maximum  currents,  EA,
and the  slope factor  k  (Frankenhaeuser  and  Hodgkin,  1957)  were  similar to
those observed in experiments on intact axons. However, when the nerve was
internally  perfused  with the  LK solution,  there was  a shift in Eh of about  45
my  (inside  becoming  more  positive).  The slope  of the  h.  curve  taken  some
25  to  30  minutes  after  the  beginning  of  the  LK  perfusion  was  somewhat
lower  than for  the HK  perfusate.  From  Narahashi's  data there  is  reason  toJ. W.  MooRE  Voltage  Clamp Studies on Internally Pepfused Axons
think that the slope factor k was initially unchanged  but gradually  increased
(producing  a  decreased  slope)  as the  perfusion  continued.  The  steady-state
current also  shown in Fig. 2 also shifts downward  with duration  of perfusion.
This  is probably  related to the observation that after a 20 to 30 minute per-
fusion  with LK  the duration  of the  plateau  becomes  as long  as  100  to  200
msec.
The observed shifts in the potentials at which the sodium current is  turned
on  and  inactivated  are  compared  with  those  shifts  seen  with variations  in
external calcium  by Narahashi  (this  supplement)  and  it is not necessary  to
repeat the comparison here. We have not used sodium chloride and sucrose as
FIGURE 3.  Sodium inactivation
curves  (i.e.  the  peak  sodium
current  during a pulse  to  fixed
potential  as  a  function  of  the
steady  potential  preceding
pulse)  for HK  and LK  internal
perfusates.  (Figure  reprinted  by
permission  of  the  Journal  of
Physiology,  1964,  172,  163.)
the internal perfusate;  however,  the evidence presented  by Baker et al. (1964)
leads  us to  believe that the  shifts which we observed  depended  on  the  total
salt concentration  rather than a specific  low potassium  effect.
Tetrodotoxin'
It has recently been  found that a very  potent neurotoxin  obtained from  the
puffer  fish  selectively  blocked  the  sodium  conductance  increase  without
affecting  the  potassium  channel  (Narahashi,  Moore,  and  Scott,  1964)  and
Nakamura, Nakajima, and Grundfest  (964).  At a concentration  of only  100
nanomoles,  tetrodotoxin can completely obliterate the sodium conductance in-
crease  in a  squid  axon in 5  minutes.
Mitsuru Takata and I were curious as to whether this toxin would affect the
axon in a similar way when applied to the inside and we have conducted a few
preliminary  experiments  with the  voltage  clamp  on a  nerve  internally  per-
fused with the toxin.
We added some 60 nanomoles of toxin to the potassium glutamate solution
used  for  recent internal  perfusions.  After  6 minutes  there  was  only  a  small
1 K. S.  Cole suggested the  abbreviation TTX.
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reduction  in  both  sodium  and  potassium;  the  reduction  in  these  two  con-
ductances  was  proportional  and  may have  been  caused  by a  small  change
in the  nodal area.  This is shown in Fig.  4 along with a comparative  experi-
ment in which the  toxin was  applied to the  outside of an  axon.
Although the  experiments  with internal  perfusion  of tetrodotoxin  are only
preliminary,2  this  observation that the interior  of the axon  appears to be in-
sensitive  to the action of tetrodotoxin once more demonstrates the difference
between the inside  and outside  faces of the axon membrane.
FIGURE  4.  The  effect of tetrodotoxin on the ionic currents in squid axon after an  appli-
cation on the outside for about 4 minutes (left)  or inside for about  6 minutes  (right).
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